Abstract Recombinant CHO cell lines have integrated the expression vectors in various parts of the genome leading to different levels of gene amplification, productivity and stability of protein expression. Identification of insertion sites where gene amplification is possible and the transcription rate is high may lead to systems of sitedirected integration and will significantly reduce the process for the generation of stably and highly expressing recombinant cell lines. We have investigated a broad range of recombinant cell lines by FISH analysis and Giemsa-Trypsin banding and analysed their integration loci with regard to the extent of methotrexate pressure, transfection methods, promoters and protein productivities. To summarise, we found that the majority of our high producing recombinant CHO cell lines had integrated the expression construct on a larger chromosome of the genome. Furthermore, except from two cell lines, the exogene was integrated at a single site. The dhfr selection marker was colocalised to the target gene.
Introduction
Generation of recombinant mammalian cell lines for production of protein pharmaceuticals is driven by various factors like the gene transfer vector, the host cell line and the transfection method. An efficient combination of selection, screening and gene amplification leads to stably and highly producing clones ready to be propagated in scalable reactors. Various studies (Davies et al. 2001; Kaufman et al. 1983; Kim et al. 1999; Pallavicini et al. 1990; Yoshikawa et al. 2000a, b; Derouazi et al. 2006) have investigated the influence of the integration locus on stability and productivity of the clones in order to obtain an additional criterion for clone selection since the majority of random integration sites leads to low level expression (Barnett et al. 1995) . Furthermore, information of insertion loci which allow gene amplification and support high productivity and stability-in addition with systems for site-directed integration (the Flp/FRT system from the yeast Saccharomyces cerevisiae (O'Gorman et al. 1991 ) and the CRE/lox system (Hoess et al. 1982 ) from the bacteriophage P1)-might significantly reduce the selection and screening process. Therefore, some authors recommend additional selection parameters on the chromosomal level.
Different factors that might be related to the integration site have been suggested to influence the expression level: Wilson et al. (1990) assumes a ''position effect'', which is either caused by rearrangement or incorporation of recombinant genes into regions with nearby endogenous promoters and enhancers which support gene expression. Furthermore, various DNA elements (Barnes et al. 2002) can modulate the position effect: insulators, MAR elements, locus control regions and ubiquitous chromatin opening elements may be important in controlling expression levels and stability of recombinant protein production. The integration of the target gene within heterochromatic regions of DNA, which arise due to the dense packaging of DNA and associated proteins, are generally considered to be transcriptionally inactive. Palin et al. (1998) demonstrated that stable transfectants had preferentially integrated the ingoing plasmid DNA into fragile-site containing chromosomal bands. These sites are reproducibly expressed and chemically induced decondensations on mitotic chromosomes with high recombinogenic activity. Analysis of the flanking regions revealed a highly AT-rich region and DNA sequence motifs and structurally distinct regions associated with replicative origins immediately adjacent to the integration site. These regions are frequently associated with sister chromatide exchange events and can be activated in vivo and trigger specific chromosomal breaks leading to intrachromosomal mammalian gene amplification (Kuo et al. 1994) .
The progress of gene amplification is assumed to be initiated either by chromosome breakage within expanded chromosomal regions, also called homogenously stained regions (HSRs) that fail to exhibit trypsin-giemsa bands (Kaufman et al. 1983; Nunberg et al. 1978) , or in extrachromosomal elements, also known as acentric chromatin bodies or double minute chromosomes (DMs; Brown et al. 1981; Kaufman et al. 1979) , furthermore in abnormally banded regions (ABRs) or in dicentric chromosomes. Whereas association of amplified DNA with HSRs is often observed in highly and stably producing cell lines (Kaufman et al. 1985) , amplified genes localised to DMs are often lost, especially in the absence of selective pressure (Kaufman et al. 1983; Wahl et al. 1982) .
Concerning the number of insertion sites, Davies et al. (2001) suggest, that cell lines with only one integration locus are important in the development of highly productive clones, although subsequent gene amplification by increasing the selection pressure either often leads to translocations with multiple hybridisation signals on either the same or different chromosomes (Davies et al. 2001; Pallavicini et al. 1990 ), or to the arising of new marker chromosomes or to the enlargement of chromosomes. Furthermore, signals on small derivative chromosomes or fragments are reported (Pallavicini et al. 1990) , and small chromosomes might disappear (Kaufman et al. 1985) . Yoshikawa et al. (2000a, b) investigated the location of the insertion site on the chromosome and analysed a recombinant cell line adapted to different concentrations of Methotrexate (MTX) and distinguished three different types of recombinant cell lines regarding the insertion site of the transgene: telomeric type cells had integrated the exogenous target together with the selection marker into the telomeric region, while the two other groups showed integration to other chromosomal regions or did not show any signal in FISH analysis. Whereas the telomeric type clones exhibited high productivities, growth rates and stable integration, lower productivity and unstable heterogeneous cell pools were put into relation with insertion into other regions.
In our institute, several recombinant CHO cell lines with stable productivities have been obtained after a different number of subcloning and amplification steps. In contrast to other studies, where only analysis of subclones differing in the extent of MTX amplification was performed, we investigated the integration patterns of a broad range of cell lines by FISH analysis. In order to distinguish between the different chromosomes, the method of centromer localisation was applied and therefore the following terms will be used: metacentric (chromosomes with centromers in the middle resulting in two arms with equal lengths), submetacentric (centromers between the middle and the end of the chromosome), acrocentric (centromer close to the end of the chromosome) and telocentric (centromer at the end resulting in only one arm). By GiemsaTrypsin banding the karyotype of each cell line was analysed and allows conclusions about the amplification mechanism and karyotypic stability. Based on these results we will discuss the obtained integration sites in connection with specific productivities and the extent of MTX amplification. (Urlaub et al. 1980) were either transfected under serum-dependent conditions and later adapted to protein-free cultivation or were already transfected under protein-free conditions. Increase in MTX pressure was performed gradually in 2-or 4-fold steps. Cultivation of the cell lines by applying the MTX pressure indicated in Table 1 was performed after revitalisation from a frozen cell bank. The number of passages between revitalisation and analyses is also shown in Table 1 . In general, EpoFc cell lines were cultivated over five passages before genetic analyses were performed, whereas the other recombinant production cell lines were cultivated about 20-30 passages after revitalisation from a MCB before the integration sites were investigated.
Material and methods

Recombinant CHO cell lines
For determination of specific productivity, cell concentration was determined in a Multisizer TM 3 Coulter Counter Ò (Beckman Coulter) and the secreted product concentration was quantified using an ELISA.
FISH
The probes for FISH-experiments were generated by overnight DIG-Klenow Labelling of 3 lg of the transfected plasmids using DIG-High Prime (Roche, Cat.Nr. 1585606). The labelled plasmids were co-precipitated with 150 lg Hering Sperm DNA (Roche, Cat.Nr. 223646) and 150 lg Yeast t-RNA (Roche, Cat.Nr. 109495) in 0.3 M SodiumAcetate (pH 5.2) after addition of 2.5 volumes of 96% ethanol. Finally, the precipitated probes were dissolved in 300 ll of Probe Stock Solution (50% Formamide, 2· SSC, 10% Dextransulphate, 50 mM Sodiumphosphate pH 7.0).
For preparation of metaphase spreads suspension cells were incubated for 6 h in Demecolcine (Sigma, Cat.Nr. D-6165; 0.2 lg per ml cell suspension). Cells were harvested by centrifugation at 190 g, resuspended in 5 ml of a 75 mM KCl solution and incubated at 37°C for 20 min. After centrifugation, cells were washed three times in 5 ml of fixation solution (MetOH/Acetic Acid, 3:1) and finally resuspended to a final concentration of 5 · 10 6 cells ml -1 in fixation solution. Slides were cleaned in 6 N HCl and 96% ethanol and stored at 4°C in water. The fixed cells were dropped on wet and cold slides over a 65°C water bath, where they were left for 1 min before they were dried at room temperature.
To reduce background staining, the slides were incubated in 0.02% Pepsin in 10 mM HCl for 10 min at 37°C, then washed 2 times for 5 min in PBS, once for 5 min in PBS/50 mM MgCl 2 and finally for 10 min in PBS/50 mM MgCl 2 /1% Formaldehyde. After two brief washings in PBS, the slides were dehydrated in a graded series of ethanol (70%/90%/96%).
The probes were diluted 1:5 in Probe Stock solution to a final concentration of 2 ng ll -1 . The slides were incubated overnight at 37°C with 25 ll of this solution under a cover slip fixed with Fixogum (Marabu) after denaturation at 90°C for 5 min. Furthermore, the number of subcloning steps as well as of the passages between revitalisation from a cell bank and analysis is shown. In the last column the specific productivity of each cell line is present. Abbreviations: HC, heavy chain; LC, light chain; JC, joining chain; CMV, cytomegalovirus promoter; RSV, Rous sarcoma virus promoter; SV40, Simian virus 40 promoter. Except for the cell lines transfected with pIRES that already contained dhfr, an additional plasmid encoding mouse dhfr was cotransfected Slides were then washed three times for 5 min in 2· SSC pH 7.0%/50% Formamide at 45°C, then 5 times for 2 min 2· SSC pH 7.0, then once for 5 min in TNT-Washing Buffer (100 mM Tris Cl/150 mM NaCl pH 7.5, 0.05 % (v/v) Tween 20 (Roche, Cat.Nr. 1332465)). Afterwards slides were incubated for 30 min at 37°C in TNBBlocking Buffer (0.5% (w/v) Blocking Reagent (Roche, Cat.Nr. 1096176) in 100 mM Tris Cl/150 mM NaCl pH 7.5). Chromosomes were then incubated for 30 min at 37°C in Antibody Solution 1 (Mouse-Anti-DIG-Antibody (Roche, Cat.Nr. 1333062) 1:250 in TNB-Blocking Buffer) and after three washes in TNT-Washing Buffer for 30 min at 37°C in Antibody Solution 2 (GoatAnti-Mouse-FITC-Antibody (Sigma, Cat.Nr. F-2012) 1:64 in TNB-Blocking Buffer). Slides were again washed three times and incubated for 30 min at 37°C in Antibody Solution 3 (RabbitAnti-Goat-FITC-Antibody (Sigma, Cat.Nr. F-7367) 1:64 in TNB-Blocking Buffer). After three final washings, chromosomes were dehydrated in a graded series of ethanol. Air dried chromosomes were counterstained in Propidium Iodide (0.5 lg ml -1 , Sigma, Cat.Nr. P-4170), embedded in Vectashield (Vector, Cat.Nr. H-1000) and examined in a confocal microscope (Leica TCS SP2). As a negative control, the host cell line was hybridised with the probes. At least 20 FISH preparations were analysed.
Giemsa-Trypsin banding
After preparation of metaphase spreads on slides as described above, chromosomes were stored at room temperature for one week in order to enable aging. The following solutions were used for banding: GKN buffer (1.0 g l -1 Glucose, 0.4 g l -1 KCl, 8.0 g l -1 NaCl, 0.35 g l -1 NaHCO 3 ), Versen buffer (8.0 gÁl -1 NaCl, 0.2 g l -1 KH 2 PO 4 , 0.2 g l -1 KCl, 1.44 g l -1 Na 2 HPO 4 Á2H 2 O), Trypsin Stock Solution (2.5% Trypsin (1:250, Gibco, Cat.Nr. 27250-018) in 0.9% NaCl).
Slides were then first incubated at 30°C for 45 s in trypsin solution (add 132 ml GKN buffer, 24 ml 0.9% NaCl and 4 ml Trypsin Stock Solution to 165 ml Versen buffer), then washed briefly three times in GKN supplemented with 7.5% FCS and four times in GKN buffer before staining in 8% Giemsa Solution (Merck, Cat.Nr. 109204) for 5 min. Slides were rinsed with water and finally analysed under the microscope.
Investigation of genetic parameters
Isolation of genomic DNA was performed by using the QIAamp Ò DNA Blood Mini Kit (Qiagen) according to the manufacturer's instructions. For determination of the gene copy number (GCN), 6 ng of genomic DNA were analysed by Taqman quantitative PCR in the Rotor-Gene 2000 (Corbett Research) using the iQ Supermix (Biorad). The plasmid standard pCMV_EpoFc (5455 bp, stock solutions of 1 · 10 8 copies ll -1 stored at -20°C) was used in a range from 3 · 10 6 to 3 · 10 3 copies in a 1:10 dilution series analysed in duplicates.
For determination of mRNA copy number by quantitative PCR, RNA was isolated from 2.5 · 10 6 cells using the RNeasy Mini Kit (Qiagen). After DNase treatment and reverse transcription, cDNA was purified by using the QIAquick PCR Purification Kit (Qiagen). Concentration was quantified spectrophotometrically at 260 nm. cDNA was adjusted to a concentration of 20 ng copies ll -1 and stored at -20°C. About 6 ng of cDNA were analysed as described for genomic DNA. Calculation of the transcript copy was based on the quotient q cDNA/RNA obtained from the amounts of reversely transcribed RNA and resulting cDNA. Finally, the initial cell number analysed in quantitative PCR was recalculated by the average amount of 12.2 pg of total RNA per cell.
For Southern Blot analysis BamHI digested genomic DNA of each clone was separated on a 1% agarose gel, denatured and transferred to a positively charged nylon membrane according to the Roche Manual. After prehybridisation (7% SDS, 50% Formamide, 5 · SSC, 2% Blocking Reagent, 50 mM Sodium-phosphate pH 7.0, 0.1% N-Lauroylsarcosine), the membrane was incubated in hybridisation buffer containing 10 ng ml -1 of the denatured probe (a DIGlabelled Fc specific amplicon) for at least 12 h at 42°C. Washing and detection was performed as described by Roche (DIG Application Manual for Filter Hybridization) using AntiDigoxigenin-AP Fab fragments (Roche) and CPD-Star Ò (Tropix). Visualisation was done on the LumiImager TM (Roche).
Results and discussion
Analysis of the EpoFc clone family
The FISH signals are shown in Fig. 1 . For detailed analysis of the position on the chromosomes, phase contrast microscopic images (not shown) were used. For clones EpoFc 2C10, 2G6 and the subclone 2C10/13F5 (Fig. 1a-c ) a single hybridisation signal is evident on the large arm of an acrocentric chromosome near the telomeric region. Analysis of clone 2G4 (Fig. 1d) revealed also a single signal but on the large arm of submetacentric chromosome. In case of the protein-free transfected clone HI5 (Fig. 1e ) and its subclone HI5/7D3 (Fig. 1f ) two populations were observed, one of them (about 90%) bearing a single integration signal again on a acrocentric chromosome, while the other population (about 10%) revealed an additional signal on a metacentric chromosome. Clone 10D9 (Fig. 1g) was the only clone that exhibited a signal on the short arm of an acrocentric chromosome. Analysis of the integration site of the cotransfected dhfr gene (as expression vectors with different backbones have been used for transfection, no unspecific signal could be obtained) revealed co-localisation to the integration site of the target gene (pictures not shown), which is reported in several studies (Pallavicini et al. 1990; Chen et al. 1998; Strutzenberger et al. 1999; Kim et al. 1999) . Analysis of the chromosome number (at least 20 metaphase preparations were counted) of the EpoFc clone family revealed an average diploid chromosome number of 20 chromosomes for clones 2C10, 2G4 and 2G6. Clone HI5 and the two subclones, 2C10/13F5 and HI5/7D3 had only 19 chromosomes, whereas for clone 10D9 21 chromosomes were evident. For comparison with the host cell line-that contained 20 chromosomes, Giemsa-Trypsin banded chromosomes were sorted by their size, then banding patterns were used to arrange chromosomes (Fig. 2) . No efforts were made in order to specifically identify the banded chromosomes with regard to the standard CHO karyotype, as the karyotype of the CHO DUK-host cell line differs significantly from that of other CHO cells, probably due to the extensive UV ray and ethyl methane sulphonate mutagenesis used to derive the dfhr deficient line (Varshavsky 1981) .
Since similar banding patterns were found in clones EpoFc 2C10 (Fig. 2b) and 10D9 (Fig. 2c) compared to the host cell line (Fig. 2a) , we assume that no translocations have occurred. As the hybridisation signal in clone 2C10 was observed on the largest acrocentric chromosome (localisation was performed by transmission light microscopy of the hybridised slides), and no other chromosome with similar size could be detected, the integration site is on chromosome 2 in a dark, in comparison to the host, slightly expanded, homogenously stained region. In clone EpoFc 10D9, localisation of the signal on the short arm of an acrocentric chromosome is not possible. Concerning clone EpoFc 2G6 and the subclone EpoFc 2C10/13F5 the signal was also found on chromosome 2 (data not shown).
EpoFc expressing clones were further analysed for gene copy number and specific mRNA content of the target gene by Taqman quantitative PCR and resulted in the following copy numbers (see Table 2 ). Concerning the gene copy numbers, values in the range of 10-26 copies per cell were obtained, only in case of EpoFc 10D9, 140 copies per cell were detected, and for the subclone EpoFc 2C10/ 13F5 after MTX amplification the gene copy number was increased to 60 copies per cell.
When looking at FISH analyses, signal intensities do not correlate with gene copy numbers: Clone EpoFc 2G6 (Fig. 1b) exhibited a rather broad signal in comparison to clone EpoFc 10D9 (Fig. 1g) , although determination of the gene copy number showed a sixfold higher amount of EpoFc genes for clone EpoFc 10D9. These differences can be explained by the more difficult accessibility in FISH analysis due to the condensed packaging of chromatin in metaphase cells and in the signal bleaching during laser microscopy. Therefore, FISH hybridisation can not be adopted as a (semi-)quantitative method for determination of the GCN but rather gives some hints about rearrangements and clonal stability and homogeneity of the cell population.
However, as shown in Table 2 , mRNA copy numbers do not correlate in general with the GCNs in various clones. This observation strongly supports that mRNA transcription is predominantly driven by the integration site and the surrounding locus-a phenomenon that is also described as ''position effect'' (Wilson et al. 1990) .
First information concerning the insertion locus was gained by Southern Blot analysis. The resulting restriction patterns are demonstrated in Fig. 3 . Due to the same sizes of the restriction fragments obtained for clones EpoFc 2C10 and 2G6, we suggested same integration sites, which could be confirmed in FISH analyses and GiemsaTrypsin banding, where a signal was detected on the second largest chromosome for both clones. The distal end of the large arm of chromosome 2 was also reported as the major integration site by Pallavicini et al. (1990) , and Derouazi et al. (2006) also detected larger chromosomes as the major integration sites in recombinant CHO DG44 cell lines.
The high gene copy number found in qPCR for clone EpoFc 10D9 was confirmed by Southern Blot analysis. EpoFc 10D9 gave higher signals compared to EpoFc 2G6 but the restriction pattern differed significantly from all other investigated clones (see Fig. 3 ). Therefore, the FISH signal on the small arm of an acrocentric chromosome of clone EpoFc 10D9 correlates with the different Southern Blot results.
Analysis of further recombinant cell lines
Analysis of metaphase spreads (at least 20 preparations were counted) revealed 16 chromosomes for clone IgG 2F5, 18 chromosomes for the protein-free transfected IgG 2F5sf and 19 chromosomes for clones IgG 2G12 and 4E10, Fab 3H6 and the cell line expressing a highly glycosylated human protein, HGP. IgM Hb617 was tetraploid in a certain extent, with a diploid chromosome number of 18. Clone IgG 2G12 was completely aneuploid with a chromosome number around 30.
In general we do not recommend classifying the CHO karyotype into diploid and tetraploid, since the hamster (Cricetulus griseus) chromosome should have 22 chromosomes (Ray et al. 1976) , and the parental CHO cell line (CHO-K1) has only 21 chromosomes (Kao et al. 1968) . The cell line we used as host cell line had 20 chromosomes. Hybridisation signals of antibody and glycoprotein producing cell lines are shown in Fig. 4 . Except for IgG 2G12, a single hybridisation signal was detected: while clone IgG 2F5 showed an extensive fluorescent region on the distal end of the longer arm of the submetacentric chromosome 1 (Fig. 4a) , hybridisation of the protein-free transfected IgG 2F5sf revealed the signal on a small metacentric chromosome on the telomeric end (Fig. 4b) .
Clone IgG 2G12 is aneuploid and shows up to five integration sites (Fig. 4c) -interestingly it is the only clone where integration into centromeric parts of small chromosomes occurred. As only the number of small chromosomes increased in comparison to the host cell line, we suggest that integration of the target into centromeric regions can lead to chromosomal instabilities resulting in chromosomal duplication. In addition, Yoshikawa et al. (2000a) suggested, that at non-telomeric integration sites gene amplification leads to replication and sister chromatide exchange whereas in telomere type clones amplification is achieved by the fusion of two telomere regions.
In contrast to clone IgG 2F5, clones IgG 4E10 (Fig. 4d) , IgG Hb617 (Fig. 4e) and Fab 3H6 (Fig. 4f) integrated the plasmid into the large arm of the largest acrocentric chromosome. Finally, the last cell line, producing the glycoprotein HGP, exhibited the signal again on the larger arm of an acrocentric chromosome (Fig. 4g ).
For comparison with the initial host cell line karyotype, Giemsa-Trypsin banding was performed. Figure 5 shows the banding patterns of two cell lines (IgG 2F5 and HGP) . Whereas in the HGP cell line (Fig. 5c ) chromosomes can be easily identified, in IgG 2F5 producing cells (Fig. 5b ) the banding pattern differs from the host cell line. Furthermore, IgG 2F5 had only 16 chromosomes in contrast to 20 chromosomes for the host cell line and 19 chromosomes for the HGP cell line. This might be due to the adaptation to different MTX concentrations: 0.4 lM MTX in case of HGP and 1.0 lM MTX in case of IgG 2F5. Therefore, we suggest, that the increase Integration sites are marked with a white arrow in selection pressure leads either to the loss of small chromosomes, or-as observed for clone IgG 2G12, where the same amplification steps were applied-to karyotypic instabilities leading to aneuploidy. Nevertheless, in case of these clones, no effect on stability of protein production was observed. Derouazi et al. (2006) also showed that chromosomal aberrations frequently occurred during generation of recombinant CHO cell lines regardless of the gene transfer method and did not correlate with the stability of recombinant protein expression.
In addition, when looking on the site of integration in the giemsa-banded chromosomes of clone IgG 2F5 (see Fig. 5b ), a homogeneously staining region is evident. Looking at clone HGP (Fig. 5c ), a new phenomenon was observed: in comparison to the host cell line an acrocentric chromosome similar in size to chromosome 2 was found, although the Giemsa-Trypsin banding pattern was similar to a smaller sized chromosome. In FISH analysis the signal was detected on one of these two chromosomes, due to the fact that gene amplification might lead to translocation or expanded chromosomal regions, we assume that the target is localised to the new marker chromosome.
Conclusion
Cultivation of EpoFc cell lines was performed over a shorter period of time compared to the antibody and HGP producing cell lines. Nevertheless, as these cell lines were also cultivated in the presence of MTX and productivity remained stable during that time, comparison with EpoFc cell lines is justified.
To summarise, after analysis of a wide range of recombinant cell lines the localisation of the integrated genes can be divided into several groups: Clone IgG 2F5 integrated the exogenous target into chromosome 1, whereas for clone EpoFc 2C10 and its subclone, 2C10/13F5, EpoFc 2G6, Hb617, 4E10 and 3H6 Fab the insertion locus was found on chromosome 2. Clone EpoFc HI5 and its subclone (HI5/7D3) exhibited the hybridisation signal on either one or two middle-sized chromosomes, whereas clone EpoFc 10D9 had the integration locus on the smaller arm of a middle-sized acrocentric chromosome. The signal of clone HGP was detected on a new marker chromosome, in clones EpoFc 2G4 and IgG 2F5 sf integration into a smaller chromosome occurred. Clone IgG 2G12 was the only clone where insertion loci were co-localised with the centromeric region of five chromosomes.
Looking at the cell lines with insertion into chromosome 2, two different methods of transfection (lipofection and protein-free nucleofection) with genes under the control of two different promoters (CMV and RSV) have been applied. Therefore, we suggest that no effect of the transfection method and promoters on the integration site are evident.
As integration not only into the telomeric sites of the chromosomes occurred, the theory of Yoshikawa et al. (2000a, b) who assumes that only integration into the telomeric region leads to high productivity and stability cannot be confirmed-stable producing cell lines with integration of the exogenous target into other areas of the chromosomes were also reported by Derouazi et al. (2006) .
Despite the difficulty of comparing specific productivities of cell lines expressing different products, the clones with the insertion locus on chromosome 2 exhibited (except from clone Fab 3H6) high productivities with a rather low extent of MTX amplification. Therefore, we assume that integration into this region enhances transcription efficiency.
Sequence analysis of the surrounding regions might give further insight of potential transcription control elements.
